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Licensure 
The Merriam Webster dictionary defines Licensure as the granting of licenses especially to 
practice a profession. The granting of permission is done by a competent authority to an 
organization or an individual in order to legally engage them in a certain practice and refer to 
themselves as “licensed” for that job.  Obtaining a license to practice a profession is mandatory in 
the United States, and state laws may provide for criminal or administrative penalties for 
unlicensed practice. License is usually granted based on education; it is usually permanent, but 
occasionally includes periodic fees. License may be revoked for incompetence, criminal acts, or 
other reasons.  
It is very important to be licensed for the profession of civil engineering. According to the 
American Society of Civil Engineers, obtaining a civil engineer’s license means you are accepted 
both the technical and ethical obligations of the engineering profession. In United States, the 
licensing laws and requirements vary between states. In order to become a professional civil 
engineer, one must have the proper education, 4 years of working experience, and pass the FE and 
PE exams. The state of Massachusetts does not have any statues or rules that limit the number of 
times a candidate is allowed to take the FE exam, nor does it require the candidate to obtain more 
education before retaking the examination after they have failed. Meanwhile, the state of 
Massachusetts does have statues or rules that limit the number of times a candidate is allowed to 
take the PE exam. In case that the candidate fails the PE exam both times, they must submit 
documentation demonstrating that they have successfully completed an educational program 
aimed to helping them to succeed on the examination. The state of Massachusetts does not have a 
residency requirement for taking the PE exam.  
Having a licensure demonstrates to the public that an individual is competent, qualified, and has 
expertise in the professional practice. It shows commitment to the understanding of professional, 
ethical, and societal responsibilities. The licensure opens door for many career opportunities for 
civil engineers, as it shows that they are on a high technical level, and they are willing to put great 
effort into completing their tasks both on the technical and the ethical side. The licensure 
demonstrates that the engineer is committed to the career and makes the great contributions for the 
public in the future.  
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Abstract 
 
Designing large civil engineering structures can be very problematic given unstable soil conditions 
because foundations may not be able to support the structure. In the case of unstable soil layers, 
drilled shafts (deep foundations) are installed. They are responsible for carrying the whole 
structure load to a stable soil layer. Hence the prediction of the capacity of the drilled shafts will 
play a key role in the design of drilled shaft foundations. To understand the behavior of the shaft, 
load tests are performed on the field, however, it is challenging to analyze their failure loads 
because often strain-displacement curves obtained from field tests are not well defined. With this 
in mind, the purpose of this paper is to use fuzzy logic to model the behavior of drilled shaft 
foundations in tension, compression, and shear given their geometry and the soil properties of the 
adjacent ground. The model for this study has been developed through MATLAB. Depending on 
the test type (tension, compression, or shear), inputs have been selected for the fuzzy model. They 
are different in each test. The elastic limit and the ultimate capacity of soil are the output of this 
model. The simulation results show that the proposed modeling framework is very effective in 
predicting the complex behavior of drilled pile shafts in compression, tension, and shear.  
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1. Introduction 
 
1.1 Soil and Drilled Shafts 
 
All civil engineering projects must be in one way or another supported by the ground.  In order to 
build the most suitable and the most cost and time effective foundation of a project, soil properties 
and its behavior in the building site should be analyzed. This is achieved through geotechnical 
engineering. Geotechnical engineering is the branch of civil engineering that deals with soil, rock, 
and underground water, and their relation to the design, construction, and operation of engineering 
projects (Cudoto, 2013). Geotechnical examinations are performed in geotechnical laboratories 
(ex situ testing), and in the building site (in situ testing), depending on the type of building that is 
being built. After geotechnical studies are completed, the bearing capacity and settlement of soil 
is determined. The foundations are the designed. 
Foundations are structural elements that connect the buildings or other structures to the ground. 
Therefore, the interaction between the foundation and the adjacent ground has great importance. 
In Geotechnical engineering, once the properties of soil are known, it is easy to conclude what the 
right types of foundations for a certain structure are.  There are two main types of foundations that 
are used in civil engineering projects: shallow foundations and deep foundations. Shallow 
foundations are used for smaller structures and for stable soils. Deep foundations are usually used 
when the adjacent layers are not stable enough to support the structure (Cudoto, 2013). Drilled 
shafts (typically columnar elements) extend underground until a stable soil or rock layer is reached 
in order to transfer the building load to the stable ground.  
In order to ensure the stability of civil engineering structures, the foundations should be stable. 
Typically used for large structures, drilled shafts are one of the methods used to serve as a 
foundation for a site where the soil layers are unstable. They are normally cast-in-place concrete 
piles which require casing to support excavation, guide the drilling tool, and serve as a sacrificial 
corrosion protection (Malhotra, 2011.). Figure 1 shows the schematics of the drilled shaft.  
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Figure 1-Drilled Shaft Schematic 
 
The schematic above represents a drilled shaft and shows the lateral load, side resistance, base 
resistance, and the concrete that will be driven into the ground. The drilled shaft will be extended 
until it reaches a stable soil layer, thus, it is important to understand the behavior of soil and 
behavior of the shaft.  
The purpose of this paper is to develop a model that predicts the behavior of the drilled shafts in 
tension, compression, and shear, given the shaft geometry, and soil characteristics of the adjacent 
ground, as factors that influence its behavior. This project develops three main fuzzy models: 
behavior of drilled shafts in tension, compression, and shear.   
For this study, drained and undrained loading tests have been considered for drilled shafts. These 
tests have been conducted in a variety of soil profiles and on straight sided drilled shafts. The 
purpose of these tests was to obtain a load displacement curve, which clearly defines the capacity 
of the drilled shaft as shown by curve A and B below. This can be complex however. In many 
cases the capacity is not well defined. This is shown by curve C in figure 2.  
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Figure 2-Typical Load-Displacement Curve i 
  
Figure 2 shows that curve A is clearly defined. It can be noticed that once the load QA reaches the 
respective displacement ρA, the soil fails. The foundation capacity of the curve B is also clearly 
defined. Load QB serves as an asymptote and the displacement will keep increasing as load QB is 
applied. Curve C however, is not clearly defined. Figure 3 shows a more detailed sketch of curve 
C. 
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Figure 3-Typically Undefined Load-Displacement Curve 
 
The figure above shows that there are two critical points in curve C: point Q1 and Q2. Point Q1 
represents the end of the initial linear region. Any load larger than Q1 applied in the soil will cause 
a permanent deformation, resulting in an exponential shaped curve. This happens until the load 
reaches Q2. In that case, the load displacement curve takes once again a linear shape. It will keep 
increasing linearly as a greater load is applied. In this case, the soil fails; hence, Q2 represents the 
ultimate uplift capacity. However, it should be noted that in contrast to the initial linear region, the 
final linear region represents a greater displacement to a smaller load increase. Most of the load 
tests for drilled shafts fall under curve C, and, unfortunately, the point Q2 cannot be easily located, 
and the capacity of the shaft has to be predicted. Many methods to predict the point of Q2 have 
been proposed (Van der Veen, Chin, DeBeer, Fuller and Hoy, Slope Tangent, L1-L2 method, etc), 
however they each give varying results from each other. 
 
1.2 Current compression models 
 
Over the years, many criteria have been proposed with the purpose of interpreting failure load of 
axial compression on deep foundations. They include the methods of van der Veen, Terzaghi and 
Peck, Fuller and Hoy, Chin, O’Rourke and Kulhawy, and Hirany and Kulhawy. The interpreted 
capacities of can der Veen and Chin are based on mathematical models. They correspond to the 
asymptote of the load-displacement curve. Terezaghi and Pack, DeBeer, and Fuller and Hoy 
calculate the capacity based on an absolute settlement, function of shaft diameter, or rate of 
settlement with respect to load. The method of Davisson is a graphical construction that uses the 
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elastic compression line and an offset. O’Ruke and Kulhawy use the initial slope instead of an 
elastic line because it is too steep at lower length/diameter rations of drilled foundations (Y. Chen, 
Y. Fang. 2009). Generally, some of these criteria were created based on individual judgement and 
the scale of the load-displacement curve, while some are based on extrapolation from the measured 
load-displacement curve. Finally, these criteria often give different results and vary significantly. 
 
1.3 Current tension models 
 
Similarly to compression, many criteria have been proposed to interpret the failure load for tension, 
including methods of van der Veen, Fuller and Hoy, DeBeer, Chin, O’Rouke and Kulhawy, and 
Hirany and Kulhawy. They are also based on individual judgement and the scale of the load-
displacement curve, while some others are based on extrapolation from the measured load-
displacement curve. The van der Veen and Chin are based on mathematical models. The DeBeer 
and Fuller and Hoy methods represent settlement limitations. The method of O’Rouke and 
Kulhawy is a graphical construction that is a modification of the Davisson method (Y. Chen, H. 
Chang, F. Kulhawy, 2008). These criteria often give different results and vary significantly from 
one another.  
 
1.4 Current shear models 
 
There are two types of analyzing side resistance in soils: the total stress analysis and the effective 
stress analysis. The work from Chen, Lin, Chang, and Marcos in “Evaluation of Side Resistance 
Capacity for Drilled Shafts” explains how these analytical methods can be further specified into 
alpha (α), beta (β), and lambda (λ). The alpha (α) method is a stress analysis for piles in cohesive 
soils. The side resistance capacity is related directly to the undrained shear strength (Su) by an 
empirical factor of α. Research has shown that α is also related to the overburden stress, 
overconsolidation ratio, and effective stress friction angle (Y. Chen, Sh. Lin, H. Chang, M. Marcos. 
2011). The beta (β) method considers the frictional resistance for soil-shaft interface. The side 
resistance is a function of horizontal effective stress, effective stress friction angle, and shaft 
geometry. The lambda (λ) method includes the total and effective stress analyses that can be used 
for cohesive soils. The side resistance is related to the undrained shear strength and the effective 
overburden shear stress by a factor of λ (Y. Chen, Sh. Lin, H. Chang, M. Marcos. 2011). These 
methods do not offer very consistent procedures for assessing interpreted failure, and are 
constantly being reassessed.  
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1.5 Proposed model and the organization of this paper 
 
There is no numerical model that can predict the complex behaver of drilled shafts. So far, very 
little has been done in this direction. In particular, to date, there has been minimal research on an 
artificial intelligent model that can predict the complex behavior of piles under a variety of 
loadings. Therefore, in this paper, artificial intelligent models are proposed for modeling complex 
behavior of piles under compression, tensions and shear forces.  
This paper is organized as follows: Section 2 describes the proposed artificial intelligent model, 
including fuzzy sets and reasoning process. In section 3, three examples are discussed: 
compression, tension, and shear models. Concluding remarks are given in section 4.  
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2. Artificial intelligent model 
 
2.1 Takagi-Sugeno fuzzy model 
 
Takagi-Sugeno fuzzy model was proposed by Takadi and Sugeno in 1985. They proposed this 
mathematical tool that has a very simple form, but can represent highly nonlinear relations to 
fuzzily describe a system (Takagi and Sugeno 1985). Takagi and Sugeno introduced linear 
equations in consequent parts of fuzzy model in order to model complex nonlinear dynamic 
systems. The fuzzy inference system used in this paper takes the form of 
1 2
FZ 1, FZ 2, FZ , ,
1
FZ FZ
: If is and is ...and is
( ,..., ), 1,2,...., ,
i
j j j i j
i
j r
R u P u P u P
Then z f u u j N 
 (1) 
 
where Rj is the jth fuzzy rule. Nr is the number of fuzzy rules. Pi,j are fuzzy sets centered at the jth 
operating point, and uiFZ are premise variables that can be either input or output values. Meanwhile, 
any linear equation can be the equation of the resulting part. All of the local subsystems are 
integrated using the fuzzy interpolation method as a global nonlinear system 
r
r
1
FZ FZ FZ
1
FZ
1
( )[ ( ,..., )]
,
( )
N i i
j
j
N i
j
Wj u f u u
y
Wj u





 
(2) 
where Wj(u
i
FZ)[fj(u
1
FZ,…, u
i
FZ) is the grade of membership of u
i
FZ in Pi,j (R. Mitchell, Y. Kim, and 
T. El-Korchi. 2012).  
 
2.2 Fuzzy sets and reasoning 
 
Introduced by Dr. Lofti Zadeh of the University of California at Berkeley in the 1960s, fuzzy logic 
is an addition to the standard logic. The standard logic can distinct if something is true or false, 
whereas the fuzzy logic uses membership functions (MFs) to express the degree to which a certain 
statement is true or false (Voskoglu, 2013). For instance, the loading capacity of the piles can be 
expressed with three (or more) membership functions (large, medium, and small), while using 
standard logic, the loading capacity of the drilled shaft can be either large, medium, or small. Fuzzy 
logic is usually used in system models where exact definitions and boundaries are too rigid. It 
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functions based on the IF-THEN Fuzzy rules. For instance, “if the diameter and the depth of the 
drilled shaft are small, then the uplift capacity for the drilled shaft decreases”. On this project, 
MATLAB Software will be used to develop the fuzzy model for the complex behavior of piles.  
 
2.3 Adaptive neuro-fuzzy inference system 
 
The adaptive neuro-fuzzy inference system (ANFIS) is an artificial neural network based on 
Takagi-Sugento fuzzy inference system. It integrates both neural networks and fuzzy logic 
principles, and has the potential to capture the benefits of both in a single framework. Its inference 
system corresponds to the IF-THEN rules explained above. The ANFIS model can be divided into 
five layers (R. Mitchell, Y. Kim, and T. El-Korchi. 2012). In layer 1, the function of the node is 
represented by  
1,
, FZFZ ( ).
j i
i jF p u  (3) 
 
The membership function is applied to each input in layer one. Layer 2 then outputs 
the produce of all inputs into layer 2.  
 
2, 1 2
FZ , FZ , FZ , FZ( ) ( )... ( )
j i
i j i j i jF p u p u p u     
 
 
Layer 3 normalizes the layer 2 outputs such that 
2,
3, FZ
FZ
, FZ
1
( )
j
j
n
i
i j
j i
F
F
p u



 (4) 
 
Layer 4 is responsible for applying a node function to the normalized firing strengths  
 
4, 3, 3, 1
FZ FZ FZ FZ FZ[ ( ,..., )],
j j j i
j jF F f F f u u    (5) 
 
where a3, a4, and a45 are function parameters for the consequent parameters. The last layer adds 
together the inputs 
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(6) 
Rules are then set up based on the MFs used in simulations and models are created. 
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3. Simulations 
 
3.1 Example 1: Compression 
 
3.1.1 Parameter setting 
The artificial intelligent model for compression presented in this paper consists of two main parts: 
the drained and the undrained tests. Because many of the tests did not have any record for 
groundwater table, each of these tests are further divided into two parts: the artificial intelligent 
model that includes the groundwater table, and the artificial intelligent model that does not include 
the groundwater table. For the drained test, the model with the groundwater table included has the 
following inputs: groundwater table GWT (m), relative density Dr (%), shaft depth D (m), and 
shaft diameter B (m). The outputs for this model are the elastic limit Q1 (kN), and the ultimate 
capacity Q2 (kN). Meanwhile, the drained model that does not include the groundwater table 
contains the relative density Dr (%), shaft depth D (m), and shaft diameter B (m) as inputs. The 
outputs for this model are the elastic limit Q1 (kN), and the ultimate capacity Q2 (kN). The inputs 
and outputs were carefully selected from already published data sets from (Y. Chen, Y. Fang, 
“Critical Evaludation of Compression Interpretation Criteria for Drilled Shafts,” J. Geotech. 
Geoenviron. Eng. 135 (8), 1056-1069, 2009.) They are presented in the tables below.  
Table 1 – Tension - Drained Data with GWT Included 
Drained Model with GWT Included 
  Elastic Limit Q1 (kN)  Ultimate Capacity Q2 (kN) 
  
GWT 
(m) 
Dr 
(%) 
D 
(m) 
B 
(m) 
Q1 
(kN) 
GWT 
(m) 
Dr 
(%) 
D 
(m) 
B 
(m) 
Q2 
(kN) 
Training 
1.2 92 12.2 0.8 1500 5.4 90 22.5 1.5 9410 
1 85 18 1.2 1872 1.2 92 12.2 0.8 8541 
0.5 44 30.1 1.2 3665 1 85 18 1.2 4250 
0 90 34 0.9 3839 0.5 44 30.1 1.2 7598 
5.8 85 13.7 1.52 5931 0 90 34 0.9 6906 
          5.8 85 13.7 1.52 11443 
Validation 
0.3 61 19.3 1.2 1875 0.3 61 19.3 1.2 3950 
4.7 58 4.7 0.93 2224 4.7 58 4.7 0.93 5515 
5.4 90 22.5 1.5 3292 1 50 34.7 1.5 10675 
1 50 34.7 1.5 6227 1 90 57 1.5 13249 
1 90 57 1.5 8330 1.5 61 18.3 0.92 6471 
1.5 61 18.3 0.92 2241   
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Table 2 – Tension - Drained Data with GWT not Included 
Drained Model with GWT not Included 
  Elastic Limit Q1 (kN)  Ultimate Capacity Q2 (kN) 
  
Dr 
(%) 
D (m) B (m) Q1 (kN) Dr (%) D (m) B (m) Q2 (kN) 
Training 
28 10 0.5 217 28 10 0.4 448 
65 17.5 0.6 533 50 12 0.6 1200 
65 17.5 0.6 565 58 20.6 0.46 1545 
58 4.7 0.93 2224 65 17.5 0.6 2078 
85 13.7 1.52 5931 50 15 1.2 2600 
81 21.5 0.96 1700 90 16.7 0.76 3385 
46 15.2 0.46 960 56 18.6 0.92 4196 
72 36.5 1.4 4320 58 4.7 0.93 5515 
86 36.5 1.4 4113 90 19.2 0.91 6459 
90 11.6 0.91 1200 90 34 0.9 6906 
90 34 0.9 3839 44 30.1 1.2 7598 
  
75 6.2 0.79 8125 
80 36.5 1.4 8636 
90 53 0.9 10467 
Validation 
28 10 0.4 231 40 8.2 0.46 548 
65 17.5 0.6 435 85 9.1 0.46 1409 
65 20 0.6 552 44 6.4 0.53 1601 
61 18.3 0.92 2241 85 10.8 0.45 1975 
87 37 1.8 5946 65 17.5 0.6 2483 
87 10 0.76 1619 85 18 0.91 3529 
85 9.1 0.46 928 56 14.3 0.76 4209 
77 36.5 1.4 4137 81 21.5 0.96 5650 
50 15 1.2 1160 61 18.3 0.92 6471 
90 19.2 0.91 1941 90 35 0.8 7830 
90 22.5 1.5 3292 72 36.5 1.4 7964 
  
77 36.5 1.4 8655 
50 34.7 1.5 10675 
 
The undrained artificial intelligent model are also split into two different models: the model that 
includes the groundwater table, and the model that does not include the groundwater table. The 
undrained artificial intelligent model that includes the groundwater table consists of the following 
inputs: the groundwater table GWT (m), the shear strength (Su), the shaft depth D (m), and the 
shaft diameter B (m). The outputs for this model are the elastic limit Q1 (kN), and the ultimate 
capacity Q2 (kN). The undrained artificial model that does not include groundwater table has the 
shear strength (Su), the shaft depth D (m), and the shaft diameter B (m) as inputs. The outputs for 
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this model are the elastic limit Q1 (kN), and the ultimate capacity Q2 (kN). The values for the 
inputs and outputs were selected from field data published on the internet. They are included the 
tables below. They were selected based on the purpose of covering a wide range of different values.  
 
Table 3 – Tension - Undrained Data with GWT Included 
Undrained Model with GWT Included 
 Elastic Limit Q1 (kN) Ultimate Capacity Q2 (kN) 
 
GW
T 
(m) 
Su   
(kN/m2
) 
D 
(m) 
B 
(m) 
Q1 
(kN) 
GW
T 
(m) 
Su   
(kN/m2
) 
D (m) 
B 
(m) 
Q2 
(kN) 
Training 
1 147 49.5 1 4448 1 147 49.5 1 9130 
2 69 5.2 0.46 464 2 69 5.2 0.46 1174 
1.5 505 7.2 0.75 2750 1.5 505 7.2 0.75 5325 
2 210 12.8 0.76 1779 2 210 12.8 0.76 3790 
0 109 3.5 0.91 3140  
Validatio
n 
0 309 15.5 0.76 1245 0 309 15.5 0.76 2695 
1 101 25.8 1 2357 1 101 25.8 1 4571 
2.4 204 12 0.89 3004 1 49 12.2 0.51 775 
1 108 57 1.5 5046 2 130 7.4 0.76 5702 
1 49 12.2 0.51 640 1 108 57 1.5 10818 
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Table 4 – Tension - Undrained Data with GWT not included 
Unrained Model with GWT not Included 
 Elastic Limit Q1 (kN) Ultimate Capacity Q2 (kN) 
 
Su   
(kN/m2) 
D 
(m) 
B (m) Q1 (kN) 
Su   
(kN/m2) 
D (m) B (m) 
Q2 
(kN) 
Training 
45 4.3 0.18 101 47 1.8 0.18 53 
69 4.3 0.76 267 45 4.1 0.18 156 
78 3.1 0.91 561 49 12.2 0.51 775 
77 4.9 0.91 750 115 7 0.61 1067 
192 11.6 0.76 1001 96 15.2 0.46 1600 
121 5 0.81 1151 177 18.3 1.28 2304 
201 9.7 0.79 1779 136 13.7 0.76 2669 
102 26.7 1 2172 117 15.2 0.94 3748 
178 53 1 3062 154 9.7 0.76 4728 
146 43.5 1 4448 127 4.7 0.91 5338 
94 41 1 5004 100 25.5 1.2 6000 
  
146 43.6 1.2 7206 
178 53 1 11615 
Validation 
45 4.1 0.18 78 47 1.8 0.18 53 
77 4.8 0.91 381 45 4.3 0.18 165 
69 5.2 0.76 578 96 9.3 0.63 837 
119 7 0.76 699 119 7 0.76 1067 
192 11.9 0.76 1019 96 9.4 0.77 1628 
99 6.5 0.76 1131 117 14.9 0.8 2421 
210 12.8 0.76 1779 192 11.6 0.76 2743 
101 25.8 1 2357 210 12.8 0.76 3790 
178 55 1 3336 201 9.7 0.79 4759 
147 49.5 1 4448 130 7.4 0.76 5702 
76 43 1 5115 153 23 0.76 6167 
  
184 48.9 1.2 9225 
178 55 1 11854 
 
 
3.1.2 Qualitative analysis 
The drained artificial intelligent model that includes the groundwater table is shown below. Figure 
4 to figure 1 show the relations between the input and output parameters. This section only shows 
some of the graphs generated by the fuzzy model. The remaining graphs are provided in Appendix 
1.   
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Figure 4 – D (m) vs Dr (%) 
 
Figure 4 shows that the elastic limit increases when the shaft depth is low and the relative density 
is high. Likewise, the elastic limit is low when the relative density is low.  
 
Figure 5 - GWT (m) vs D (m) 
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Figure 5 shows that the elastic limit will be higher when the groundwater is at a high depth and 
the shaft depth is low. Furthermore, this figure shows that with a groundwater table that is at a 
shallow depth, the elastic limit if the soil will be small. 
 
Figure 6 - Training Data 
 
Figure 6 represents the trend of fuzzy model with respect to training data. The blue dots represent 
the training data provided, while the red lines represent the trend that fuzzy model creates using 
membership functions.  
 
 
Figure 7 - Validation Data 
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Figure 11 represents the trend of fuzzy model with respect to validation data. The blue dots 
represent the validation (testing) data. Similarly, the red lines represent the trend created by the 
fuzzy model using membership functions. 
 
Figure 8 - D (m) vs Dr (%) 
 
Figure 8 shows that the ultimate capacity of the soil will be high when the relative density is high 
and shaft depth is small. Furthermore, the figure shows that the ultimate capacity of soil will be 
low when the relative density is low. 
 
 
Figure 9 - GWT (m) vs D (m) 
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Figure 9 shows that the ultimate capacity will be high when the groundwater table is at a larger 
depth and the shaft depth is small. The ultimate capacity will be low when the groundwater table 
is at a shallow depth. 
 
Figure 10 - Training Data 
 
Figure 18 shows the fuzzy model with respect to the training data. The blue dots represent the 
training data provided to the model. The red lines are the trends created by the model using the 
membership functions. 
 
Figure 11 - Validation Data 
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Figure 12 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation (testing) data, while the red lines represent the relationships created by the fuzzy model 
using the membership functions. 
The drained artificial intelligent model that does not include the groundwater table is shown below 
in figures 12-18. The relationships between inputs and outputs are presented. This section only 
shows some of the graphs generated by the fuzzy model. The remaining graphs are provided in 
Appendix 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 - D (m) vs Dr (%) 
 
Figure 12 shows that the elastic limit will be high when the relative density and shaft depth have 
higher values. The elastic limit decreases when the relative density is low. 
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Figure 13 - B (m) vs Dr (%) 
 
Figure 13 shows that the elastic limit will be larger when the shaft diameter and the relative density 
have both higher values. The elastic limit decreases when the relative density is low. 
 
 
Figure 14 - Training Data 
 
Figure 14 shows the fuzzy model with respect to training data. The blue dots represent the training 
data provided to the model. The red lines represent the relationships that fuzzy model creates based 
on the membership functions.  
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Figure 15 - Validation Data 
 
Figure 15 shows the fuzzy model with respect to validation data. The validation data are 
represented by the blue dots. The red lines represent the relationships created by the fuzzy model 
based on the membership functions.  
 
 
Figure 16 - B (m) vs Dr (%) 
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Figure 16 shows that as the shaft diameter and relative density increase, the ultimate capacity will 
increase. Likewise, when the shaft diameter and relative density are small, the ultimate capacity 
will be small.  
 
 
Figure 17 - Training Data 
 
Figure 17 represents the fuzzy model with respect to the training data. The training data are 
represented by the blue dots. The red lines represent the trends created by the fuzzy model when 
provided the membership functions.  
 
Figure 18 - Validation Data 
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Figure 18 represents the fuzzy model with respect to validation data. The validation data are 
represented by the blue dots. The red lines represent the trends created by the fuzzy model when 
provided with the membership functions.  
The graphics of the undrained artificial intelligent model that includes the groundwater table is 
provided in tables 19-26. This section only shows some of the graphs generated by the fuzzy model. 
The remaining graphs are provided in Appendix 1.   
 
Figure 19 - B (m) vs D (m) 
 
Figure 19 shows that if the shaft depth is large, the elastic limit will tend to be large, regardless of 
the shaft diameter. Likewise, if the shaft is not very deep, the elastic limit will be small. 
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Figure 20 - GWT (m) vs B (m) 
 
Figure 20 shows that the deeper the groundwater table is, the higher the elastic limit will be. If 
the groundwater table is at a shallow depth, the elastic limit will be lower.  
 
Figure 21 - Training Data 
 
Figure 21 shows the fuzzy model with respect to training data. The training data provided to the 
model are represented by the blue dots. The red lines represent the relationships created by the 
fuzzy model when provided with the membership functions. 
 33 
 
 
Figure 22 - Validation Data 
 
Figure 22 shows the fuzzy model with respect to validation data. The validation data provided to 
the model are represented with the blue dots. The red lines represent the fuzzy model trends based 
on membership functions. 
 
Figure 23 - D (m) vs Su (kN/m2) 
 
Figure 23 shows that the ultimate capacity will increase when the shear strength is around 200 
kN/m2, and when the shaft depth is high. The ultimate capacity will decrease when the shaft depth 
is low. 
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Figure 24 - B (m) vs D (m) 
 
Figure 24 shows that when the shaft depth and diameter have increase, the ultimate capacity will 
increase. Likewise, when the shaft depth and diameter are small, the ultimate capacity of soil will 
decrease. 
 
Figure 25 - Training Data 
 
Figure 25 shows the fuzzy model with respect to training data. The blue dots represent the training 
data provided to the model. The red lines represent the trends created by the fuzzy model based on 
membership functions.  
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Figure 26 - Validation Data 
 
Figure 26 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data provided to the model. The red lines represent the trends created by the fuzzy model 
based on membership functions. 
The graphs of the undrained artificial intelligent model that does not include the groundwater table 
are presented in figures 27-32. This section only shows some of the graphs generated by the fuzzy 
model. The remaining graphs are provided in Appendix 1. 
 
Figure 27 - B (m) vs D (m) 
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Figure 27 shows that the higher the shaft diameter and the shaft depth, the higher the elastic limit 
will be. Likewise, when the shaft depth is low, the elastic limit of the soil in compression will be 
low. 
 
Figure 28 - Training Data 
 
Figure 28 shows the fuzzy model trend with respect to the training data. The blue dots represent 
the training data provided.  The red lines represent the fuzzy model trends. 
 
 
Figure 29 - Validation Data 
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Figure 29 shows the fuzzy model trend with respect to validation data. The blue dots represent the 
validation data provided to the model. The red lines represent the trends that fuzzy model has 
created based on membership functions. 
 
Figure 30 - D (m) vs Su (kN/m
2) 
 
Figure 30 shows that the ultimate capacity will be higher when both the shear strength and shaft 
depth have high values.  
 
Figure 31 - Training Data 
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Figure 31 shows the fuzzy model with respect to training data. The blue dots represent the training 
data provided to the model. The red lines represent the relationships created by the fuzzy model 
based on the membership functions. 
 
Figure 32 - Validation Data 
 
Figure 32 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data provided to the model. The red lines represent the trends created by the fuzzy 
model based on the membership functions. 
The figures above show the relationship between the shaft geometry and the properties of the 
adjacent soil. Because each graph shows only two inputs, it must be stated that those inputs are 
not the only factors that influence the elastic limit or the ultimate capacity. The figures simply 
show the relationship between the inputs and the output.  
 
3.1.3 Quantitative analysis 
The tables below represent the quantitative analysis for results presented above. 
The drained artificial intelligent model that includes the groundwater table with the elastic limit 
Q1 (kN) as output is presented on the table below. 
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Table 5 - Performance evaluation for the proposed Fuzzy Model 
Compressio
n Models 
Drained Model Unrained Model 
GWT No GWT GWT No GWT 
Q1 (kN) Q2 (kN) Q1 (kN) 
Q2 
(kN) 
Q1 
(kN) 
Q2 
(kN) 
Q1 
(kN) Q2 (kN) 
J01 
Max_r
ate1  
9.29E-06 
7.81E-
05 7.41E-06 
2.14E-
05 
9.54E-
05 
6.49E
-05 
2.03E-
06 
0.00010
06 
J02 
Max_r
ate2 46.569 
42.8409 
21.451 
15.251
6 
28.508
5 
27.01
3 
0.1611
7 
0.17831
4 
J03 
RMSE
1 
0.025482
8 0.05892 1.7057 
0.0255
7 
0.0872
3 
0.133
3 
0.0254
2 0.05819 
J04 
RMSE
2 50.9025 72.1407 24.345 
35.664
1 37.553 
51.60
7 
20.577
1 32.7822 
J05 
BestFi
t1 100 100 99.998 100 100 100 100 100 
J06 
BestFi
t2 90.3063 93.8366 
90.413 
92.701
2 
87.389
2 
85.79
7 94.962 91.8839 
J07 R1 1 1 0.9999 1 1 1 1 1 
J01
8 R2 0.99727 0.96917 0.9361 
0.9396
1 
0.9356
4 
0.928
4 
0.9414
5 
0.91866
8 
 
The table above shows that the fuzzy model can successfully predict the behavior of drilled shafts 
in compression when given the shaft geometry and adjacent soil properties. The compression fuzzy 
model shows an accuracy ranging from 85%-93% with respect to the provided field data.  
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3.1.4 Comparative analysis 
Table 6 - Comparative analysis with the existing models – Drained, GWT Included 
Compression-Drained-GWT 
    
Qda 
(kN) 
Qstc 
(kN) 
Qf&h 
(kN) 
Qt&p 
(kN) 
Qdb 
(kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 
Max_rate1 
6.10487 5.35153 5.35153 8.11787 39.8216 7.63804 31.6346 
7.81E-
05 
J03 RMSE1 34.3511 35.1094 27.1692 33.1688 56.7083 41.2836 62.9722 0.05892 
J05 BestFit1 82.3934 87.0229 96.3171 87.8209 14.9771 66.5361 44.5327 100 
J07 R1 0.835359 0.850877 0.981824 0.857971 0.680053 0.770247 0.677535 1 
 
Table 7 – Comparative analysis with the existing models - Drained, Gwt Not Included 
Compression-Drained-NOGWT 
    
Qda 
(kN) 
Qstc 
(kN) 
Qf&h 
(kN) 
Qt&p 
(kN) 
Qdb 
(kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 
Max_rate1 
20.3103 21.3565 10.0696 15.9265 73.0369 36.8056 36.4635 
2.14E-
05 
J03 RMSE1 24.8467 25.6236 24.203 24.0832 44.3066 34.2866 43.3277 0.02557 
J05 BestFit1 96.6884 94.2039 95.6776 96.2036 0.749328 62.9213 81.1916 100 
J07 R1 0.973349 0.966747 0.981376 0.963913 0.861611 0.85761 0.943135 1 
 
Table 8 - Comparative analysis with the existing models - Undrained, GWT Included 
Compression-Undrained-GWT 
    
Qda 
(kN) 
Qstc 
(kN) 
Qf&h 
(kN) 
Qt&p 
(kN) 
Qdb 
(kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 
Max_rate1 
12.9112 35.0392 16.1308 28.2844 71.0378 26.7 18.9165 
6.49E-
05 
J03 RMSE1 21.4243 30.6553 23.4947 22.6881 46.7172 27.1662 33.8637 0.1333 
J05 BestFit1 97.7403 80.1547 96.2808 84.4605 49.6451 90.8597 96.897 100 
J07 R1 0.997798 0.983101 0.997319 0.97764 0.99446 0.991163 0.99857 1 
 
Table 9 – Comparative analysis with the existing models – undrained, GWT not included 
Compression-Undrained-NOGWT 
    
Qda 
(kN) 
Qstc 
(kN) 
Qf&h 
(kN) 
Qt&p 
(kN) 
Qdb 
(kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzz
y (kN) 
J01 
Max_rate1 
6.99816 24.2246 0.938166 15.0114 63.2008 5.98187 18.6966 
0.0001
006 
J03 
RMSE1 
19.7951 21.1624 13.4907 14.4249 35.7265 19.6645 27 
0.0581
9 
J05 BestFit1 98.2973 95.0034 98.9271 98.1015 -23.6806 98.6728 95.4298 100 
J07 R1 0.98645 0.98922 0.995598 0.993652 0.746081 0.989641 0.995797 1 
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The tables above show the comparisons between the fuzzy model results with the existing 
benchmark models. It can be noticed that the accuracy of the existing models varies, however the 
training of the proposed model have a best fit value of 100, and an R value of 1, resulting in more 
accurate results than the benchmark models.  
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3.2 Example 2: Tension 
 
3.2.1 Parameter setting 
Likewise, the tension artificial intelligent models for the behavior of drilled shafts are separated 
into two main categories: the drained and undrained models. Each of these models are further 
separated into models that include and do not include the groundwater table as inputs. The drained 
model that includes the groundwater table consists of the following inputs: groundwater table 
GWT (m), relative density Dr (%), shaft depth D (m), and shaft diameter B (m). The outputs for 
this model are the elastic limit Q1 (kN), and the ultimate capacity Q2 (kN). The drained model 
that does not include the groundwater table consists of the following inputs: relative density Dr 
(%), shaft depth D (m), and the shaft diameter B (m). The outputs are the elastic limit Q1 (kN), 
and the ultimate capacity Q2 (kN). The inputs and outputs were selected from existing field data 
published on the internet (Y. Chen, H. Chang, F. Kulhawy, “Evaluation of Uplift Interpretation 
Criteria for Drilled Shaft Capacity,” J. Geotech. Geoenviron. Eng.134, 1459-1468, 2008.) They 
are presented in the tables below. It was important to include inputs and outputs that cover a wide 
variety of values.  
 
Table 10 – Tension - Drained Model with GWT Included 
Drained Model with GWT Included 
 Elastic Limit Q1 (kN) Ultimate Capacity Q2 (kN) 
 
GWT 
(m) 
Dr 
(%) 
D 
(m) 
B (m) 
Q1 
(kN) 
GWT 
(m) 
Dr 
(%) 
D (m) B (m) 
Q2 
(kN) 
Training 
1.1 50 8.2 0.48 347 2.3 45 3.1 0.91 391 
11 45 10 0.35 208 0.9 25 1.4 0.31 25 
3 80 17.7 0.61 1068 0.6 55 6.4 1.07 890 
3.4 50 2.4 1.22 445 1.2 45 12.2 0.38 294 
0.9 18 2.1 0.76 31 3.4 50 2.4 1.22 645 
0.6 55 6.4 1.07 552 3 80 17.7 0.61 2313 
1.2 65 5 1.28 214 5.5 45 6.1 0.36 578 
1.2 45 12.2 0.38 178 0 45 3.1 0.91 400 
Validation 
0 45 3.1 0.91 141 0.9 18 2.1 0.76 102 
0.9 25 1.4 0.31 13 1.1 50 8.2 0.48 592 
2.3 45 3.1 0.91 249 1.2 65 5 1.28 578 
5.5 45 6.1 0.36 400 11 45 10 0.35 385 
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Table 11 – Tension - Drained Model with GWT not Included 
Drained Model with GWT not Included 
  Elastic Limit Q1 (kN)  Ultimate Capacity Q2 (kN) 
  Dr (%) D (m) B (m) Q1 
(kN) 
Dr (%) D (m) B (m) Q2 (kN) 
Training 
25 2.4 0.3 30 55 6.4 1.07 890 
25 3.7 0.3 61 45 12.2 0.36 658 
20 6 0.14 29 40 3.1 0.91 427 
50 3.7 0.91 872 20 6 0.14 76 
50 3.2 0.99 801 20 5 0.14 54 
55 6.4 1.07 552 65 5.2 1.31 747 
45 12.2 0.36 214 25 3.7 0.3 152 
40 3.1 0.91 320 45 10.7 0.36 534 
45 6.1 0.36 400 50 3.7 0.91 1068 
40 2.1 0.74 254 25 2.4 0.3 73 
20 5 0.14 14   
  
  
  
  
  
  
  
20 6 0.14 28 
Validation 
45 3.1 0.91 249 45 3.1 0.91 391 
50 8.2 0.48 347 50 8.2 0.48 592 
45 10 0.5 250 25 1.4 0.31 25 
50 3.1 1.22 714 50 3.2 0.99 1868 
50 3.7 1.22 801 50 3.2 0.99 1624 
45 3.1 0.91 141 45 3.1 0.91 400 
50 2.4 1.22 445 45 7.6 0.36 552 
20 5 0.14 29 45 10 0.5 477 
40 3.1 0.74 356 50 2.4 1.22 645 
45 7.6 0.36 267 20 5 0.14 83 
18 2.1 0.76 31 40 3.1 0.74 890 
25 1.4 0.31 13 45 10 0.4 462 
  
  
  
  
  
  
  
  
  
  
  
  
45 6.1 0.36 578 
20 6 0.14 92 
50 3.1 1.22 1095 
 
The undrained artificial intelligent model that includes the groundwater table consists of the 
groundwater table  GWT (m), shear strength (Su), shaft depth D (m), and shaft diameter B (m), 
defined as inputs. The outputs for this model are the elastic limit Q1 (kN), and the ultimate capacity 
Q2 (kN). Similarly, the underained artificial intelligent model that does not include the 
groundwater table has the shear strength (Su), shaft depth D (m), and shaft diameter B (m) defined 
as inputs. The outputs for this model are the elastic limit Q1 (kN), and the ultimate capacity Q2 
(kN). The inputs and outputs were carefully selected and are presented on the tables below. 
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Table 12– Tension - Undrained Model with GWT Included 
Undrained Model with GWT Included 
 Elastic Limit Q1 (kN) Ultimate Capacity Q2 (kN) 
 
GW
T 
(m) 
Su 
(kN/m2) 
D (m) B (m) 
Q1 
(kN) 
GWT 
(m) 
Su 
(kN/m2) 
D 
(m) 
B 
(m) 
Q2 
(kN) 
Training 
1.8 172 2.4 1.5 343 1.8 172 2.4 1.5 587 
0 52 12.2 1.52 1423 0 52 12.2 1.52 2491 
3 56 8 0.35 231 3 56 8 0.35 409 
2.4 96 12 0.53 285 2.4 96 12 0.53 676 
3 100 26.5 1.2 2315 2 21 6.9 1.5 600 
3 100 52 1.5 6138 3 100 52 1.5 
1343
3 
4 100 48 1.5 7117 4 100 48 1.5 
1209
8 
5 120 62 1.2 2473 5 120 62 1.2 4448 
Validation 
0 59 4.6 0.61 222 0 59 4.6 0.61 312 
2 26 4.4 0.62 133 2 26 4.4 0.62 227 
5 120 56 1 2669 5 120 56 1 6494 
2 21 6.9 1.5 400 3 100 26.5 1.2 3781 
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Table 13 – Tension - Undrained Model with GWT not Included 
Unrained Model with GWT not Included 
  Elastic Limit Q1 (kN)  Ultimate Capacity Q2 (kN) 
  
Su 
(kN/m2) 
D (m) B (m) Q1 (kN) 
Su 
(kN/m2) 
D (m) B (m) Q2 (kN) 
Training 
101 2.8 0.61 179 101 2.8 0.61 330 
101 4.6 0.61 391 101 4.6 0.61 591 
101 5.5 0.61 584 101 5.5 0.61 907 
101 3.7 0.76 200 101 3.7 0.76 494 
172 2.4 1.5 343 172 2.4 1.5 587 
68 2.4 0.91 220 68 2.4 0.91 338 
59 4.6 0.61 222 59 4.6 0.61 312 
290 4.5 0.91 1223 290 4.5 0.91 1668 
32 1.8 0.51 44 32 1.8 0.51 85 
52 12.2 1.52 1423 52 12.2 1.52 2491 
56 8 0.35 231 56 8 0.35 409 
26 4.4 0.62 133 26 4.4 0.62 227 
96 12 0.53 285 96 12 0.53 676 
307 2.4 0.61 178 307 2.4 0.61 267 
68 2.4 0.61 214 68 2.4 0.61 338 
182 3.1 0.65 331 182 3.1 0.65 445 
120 56 1 2669 120 56 1 6494 
100 48 1.5 7117 100 48 1.5 12098 
100 26.5 1.2 2315 100 26.5 1.2 3781 
94 10 0.5 400 94 10 0.5 667 
Validation 
101 3.7 0.61 379 101 3.7 0.61 440 
101 2.7 0.76 218 101 2.7 0.76 384 
101 4.6 0.76 485 101 4.6 0.76 773 
173 3.7 1.5 734 173 3.7 1.5 1134 
68 2.4 0.91 200 68 2.4 0.91 356 
93 3.2 0.64 258 93 3.2 0.64 303 
32 1.8 0.61 44 32 1.8 0.61 85 
57 7 0.52 249 57 7 0.52 516 
57 5.2 0.53 178 57 5.2 0.53 356 
32 4.2 0.6 133 32 4.2 0.6 214 
21 6.9 1.5 400 21 6.9 1.5 600 
21 6.8 1.45 750 21 6.8 1.45 960 
182 4.6 0.66 436 182 4.6 0.66 703 
100 52 1.5 6138 100 52 1.5 13433 
120 62 1.2 2473 120 62 1.2 4448 
94 10 0.5 400 94 10 0.5 614 
32 35 1.2 2990 32 35 1.2 3562 
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 3.2.2. Qualitative analysis 
The graphs of the drained model that includes the groundwater table are presented below in figures 
33-39. They represent relationships between the inputs and outputs of the fuzzy model. Not all of 
the generated graphs are shown in this section. The remaining graphs can be found in Appendix1. 
 
Figure 33 - GWT (m) vs Su (kN/m2) 
 
Figure 33 shows that a shallow ground water table and higher undrained shear strength creates a 
higher value of elastic limit. Likewise, a small value of the undrained shear strength will result in 
a smaller elastic limit.  
 
Figure 34 - GWT (m) vs B (m) 
 
 47 
 
Figure 34 dhows that a shallow groundwater table and a small value of shaft diameter produces a 
small value of elastic limit. Then the groundwater table is at a larger depth, and the diameter of the 
shaft is larger, the elastic limit increases.  
 
Figure 35 - Training Data 
 
Figure 35 shows the fuzzy model with respect to training data. The blue dots show the training 
data provided to the model. The red lines show the trends created by the fuzzy model based on the 
membership functions.  
 
Figure 36 - Validation Data 
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Figure 36 shows the fuzzy model with respect to the validation data. The blue dots show the 
validation data. The red lines show the trends created by the fuzzy model based on membership 
functions.  
 
Figure 37 - D (m) vs Su (kN/m2) 
 
Figure 37 shows that an increase of the undrained shear strength and a higher shaft depth produces 
a higher ultimate capacity. Likewise, a lower undrained shear strength will result in a smaller 
ultimate capacity. 
 
 
Figure 38 - Training Data 
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Figure 38 shows the fuzzy model with respect to training data. The blue dots represent the training 
data. The red lines represent the relationships created by the fuzzy model when the membership 
functions are defined. 
 
Figure 39 - Validation Data 
 
Figure 39 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data. The red lines represent the fuzzy modeling. 
The graphs of the the drained model that does not include the groundwater table are presented in 
figures 40-45 below. They represent relationships between the inputs and outputs of the fuzzy 
model. Not all of the generated graphs are shown in this section. The remaining graphs can be 
found in Appendix 1. 
 
Figure 40 - D (m) vs Dr (%) 
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Figure 40 shows that high values of the shaft diameter and relative density will create a high value 
of elastic limit. Similarly, when the relative density is low, the elastic limit will be low. 
 
 
Figure 41 - Training Data 
 
Figure 75 shows the fuzzy model with respect to training data. The blue dots represent the training 
data provided to the model. The red lines represent the trends generated by the fuzzy model based 
on the membership functions. 
 
 
Figure 42 - Validation Data 
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Figure 42 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data provided to the mode. The red lines represent the trends generated by the fuzzy 
model given the membership functions.  
 
Figure 43 - B (m) vs Dr (%) 
 
Figure 43 shows that a larger relative density will result in a larger ultimate capacity. Likewise, a 
lower relative density will result in a lower ultimate capacity.  
 
Figure 44 - Training Data 
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Figure 44 shows the fuzzy model with respect to training data. The blue dots represent the training 
data of the model. The red lines represent the relationships generated from the fuzzy model. 
 
Figure 45 - Validation Data 
 
Figure 45 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data. The red lines represent the relationships generated from the fuzzy model based on 
the membership functions.  
The graphs of the undrained model that includes the groundwater table are presented below in 
figures 46-52. They represent relationships between the inputs and outputs of the fuzzy model. Not 
all of the generated graphs are shown in this section. The remaining graphs can be found in 
Appendix 1. 
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Figure 46 - GWT (m) vs D (m) 
 
Figure 46 shows that larger values of groundwater table and shaft depth create a higher elastic 
limit. Likewise, a shallow groundwater table, and a smaller shaft depth will result in a smaller 
ultimate capacity of the soil.  
 
Figure 47 - Training Data 
 
Figure 47 shows the fuzzy model with respect to training data. The blue dots represent the training 
data. The red lines represent the relationships created by the fuzzy model based on the membership 
functions.  
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Figure 48 - Validation Data 
 
Figure 48 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data. The red lines represent the trends generated from the fuzzy model based on 
membership functions.  
 
Figure 49 - B (m) vs Su (kN/m2) 
 
Figure 49 shows that a larger value of undrained shear strength and shaft diameter will create a 
larger ultimate capacity. 
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Figure 50 - B (m) vs D (m) 
 
Figure 50 shows that the larger the shaft depth and diameter, the larger the ultimate capacity will 
be. Similarly, the smaller the shaft depth and shaft diameter, the smaller the ultimate capacity of 
the soil in tension will be. 
 
Figure 51 - Training Data 
 
Figure 51 shows the fuzzy model with respect to training data. The blue dots represent the training 
data. The red lines represent the trends generated from the fuzzy model based on membership 
functions.  
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Figure 52 - Validation Data 
 
Figure 52 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data results. The red line represents the results created by the fuzzy model based on the 
membership functions provided. 
The graphs of the undrained model with groundwater table not included are presented below in 
figures 53-58. They represent relationships between the inputs and outputs of the fuzzy model. Not 
all of the generated graphs are shown in this section. The remaining graphs can be found in 
Appendix 1. 
 
Figure 53 - B (m) vs D (m) 
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Figure 53 shows that the larger the shaft depth and shaft diameter are, the larger the elastic limit 
will be.  
 
Figure 54 - Training Data 
 
Figure 54 shows the fuzzy model with respect to training data. The blue dots represent the training 
data results. The red lines represent the results generated from the fuzzy model based on 
membership functions. 
 
Figure 55 - Validation Data 
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Figure 55 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data results. The red lines represent the results generated from the fuzzy model based 
on the provided membership functions. 
 
Figure 56 - B (m) vs D (m) 
 
Figure 56 shows that a larger shaft depth creates a larger ultimate capacity in tension tests. When 
the shaft depth is small, the ultimate capacity will result small.  
 
Figure 57 - Trained Data 
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Figure 57 shows the fuzzy model with respect to training data. The blue dots represent the training 
data results. The red lines represent the fuzzy model results generated based on the membership 
function.  
 
Figure 58 - Validation Data 
 
Figure 58 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data results. The red lines represent the results generated from the fuzzy model based 
on the membership functions created.  
 
  
 60 
 
3.2.3 Quantitative analysis 
The table below represents the quantitative analysis for results presented above. 
Table 14 - Performance Evaluation for the Proposed Model 
Tension Models 
Drained Model Unrained Model 
GWT No GWT GWT No GWT 
Q1 (kN) Q2 (kN) Q1 (kN) Q2 (kN) Q1 (kN) Q2 (kN) Q1 (kN) Q2 (kN) 
J01 Max_rate1 1.33E-05 7.60E-07 2.07E-06 1.95E-06 8.94E-06 1.69E-05 1.82E-05 1.32E-05 
J02 Max_rate2 1.17071 23.0938 2.60041 43.4643 4.80401 22.5309 15.9222 19.213 
J03 RMSE1 0.0094936 0.0073666 0.288712 0.0064481 0.0372681 0.024151 0.0307532 0.0230135 
J04 RMSE2 7.18465 11.3026 10.4855 15.6323 15.0727 30.8352 20.6743 21.5308 
J05 BestFit1 100 100 100 100 100 100 100 100 
J06 BestFit2 80.5306 97.5197 79.7144 77.9309 97.8316 95.4984 88.1713 95.7564 
J07 R1 1 1 1 1 1 1 1 1 
J018 R2 0.860052 0.99471 0.842893 0.750387 0.965281 0.960709 0.924786 0.985063 
 
The table above shows that the fuzzy model can successfully predict the behavior of drilled shafts 
in tension when given the shaft geometry and adjacent soil properties. The compression fuzzy 
model shows an accuracy ranging from 77%-97% with respect to the provided field data.  
 
3.2.4 Comparative analysis 
 
Table 15 - Comparative Analysis with the Existing Models - Drained – GWT 
Tension-Drained-GWT 
    
Qstu 
(kN) Qfh (kN) Qdb (kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 Max_rate1 0 5.12715 73.3883 3.70525 21.9899 7.60E-07 
J03 RMSE1 7.44144 6.11351 12.6095 6.245 13.3651 0.0073666 
J05 BestFit1 99.4842 99.6838 32.2065 99.804 94.5504 100 
J07 R1 0.996157 0.999115 0.955796 0.998936 0.997106 1 
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Table 16 - Comparative Analysis with the Existing Models - Drainwd, No GWT 
Tension-Drained-NOGWT 
    
Qstu 
(kN) Qfh (kN) Qdb (kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 Max_rate1 9.09091 1.56682 33.3333 0.743494 13.5922 1.95E-06 
J03 RMSE1 7.51665 6.5192 10.6019 8.46168 10.7331 0.0064481 
J05 BestFit1 97.1316 97.9435 80.5818 88.5517 90.0852 100 
J07 R1 0.993646 0.987065 0.937694 0.923362 0.944794 1 
 
Table 17 - Comparative Analysis with the Existing Models - Undrained, GWT 
Tension-Undrained-GWT 
    
Qstu 
(kN) Qfh (kN) Qdb (kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 Max_rate1 19.8412 16.1119 20.8004 13.2179 38.3666 1.69E-05 
J03 RMSE1 26.678 20.6743 28.5782 23.1424 37.3229 0.024151 
J05 BestFit1 96.138 97.8322 91.116 98.1114 86.3707 100 
J07 R1 0.999944 0.994101 0.996368 0.986784 0.968077 1 
 
Table 18 - Comparative Analysis with the Existing Models - Undrained, No GWT 
Tension-Undrained-NOGWT 
    
Qstu 
(kN) Qfh (kN) Qdb (kN) 
Qvdv 
(kN) 
Qchin 
(kN) 
Qfuzzy 
(kN) 
J01 Max_rate1 19.4982 0 35.9937 13.3302 4.80762 1.32E-05 
J03 RMSE1 16.0427 5.28155 17.1939 15.07 17.6725 0.0230135 
J05 BestFit1 93.9289 99.9254 85.9422 95.6491 95.0049 100 
J07 R1 0.997371 0.999628 0.996905 0.975153 0.982523 1 
 
The tables above show the comparisons between the accuracy of the fuzzy model and the existing 
models. It can be noticed that the existing models are less accurate than the developed fuzzy model, 
as their results do not reach a best fit value of 100, or an R value of 1.  
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3.3 Example 3: Shear 
 
3.3.1 Parameter setting 
Similarly to compression and tension, the shear artificial intelligent models for the behavior of 
drilled shafts are separated into two main categories: the drained and undrained models. Each of 
these models are further separated into models that include and do not include the calculated values 
K, βm, and βp as inputs. The model that includes the calculated table consists of the following 
inputs: the mean effective stress σ (kN/m2), friction angle φ (deg), K factor, βm factor, and βp 
factor. The output for this model is the side resistance Q (kN). The model that does not include the 
groundwater table consists the mean effective stress σ (kN/m2), and the friction angle φ (deg). The 
output for this model is the side resistance Q (kN). The inputs and outputs were retrieved from the 
internet (Y. Chen, Sh. Lin, H. Chang, M.C. Marcos, “Evaluation of side resistance capacity for 
drilled shafts,” Journal of Marine Science and Technology, 19, 210-221, 2011.) and and are 
presented on the table below.  
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Table 19 - Shear- Drained Data with Calculated Values 
Drained Model with Calculated Values 
  
σ  
(kN/m2) 
Φ (deg) Ko Βm Bp Q (kN) 
Training 
76 35 0.9 0.63 1.02 74 
45 28 0.6 0.33 1.35 124 
56 35 0.4 0.32 0.31 261 
29 43 1.8 1.77 1.81 334 
27 34 1.9 1.52 1.32 362 
90 30 0.5 0.3 0.31 431 
42 35 1.1 0.93 0.79 484 
50 30 1.8 1.07 0.93 548 
35 36 2.1 0.94 1.11 650 
86 44 2 1.99 0.92 1357 
127 36 0.5 0.37 0.96 1504 
127 36 0.5 0.37 1.08 1690 
288 45 0.3 0.24 0.27 2369 
99 37 0.7 0.54 1.61 3202 
311 35 0.4 0.22 0.69 7745 
207 33 0.5 0.31 0.83 9128 
Validation 
76 35 0.9 0.63 0.7 90 
50 35 1.1 0.75 1.02 144 
56 35 0.4 0.28 0.31 278 
27 36 1.4 1.42 1.05 334 
14 36 3.1 2.97 2.43 362 
90 30 0.5 0.38 0.31 435 
42 33 0.9 0.6 1.56 488 
49 35 1.5 1.67 1.08 564 
35 36 2.1 0.94 1.11 650 
85 45 0.7 0.72 0.87 1370 
135 36 0.5 0.37 0.8 1520 
106 36 0.5 0.37 1.34 1779 
265 45 0.3 0.2 0.27 2668 
89 40 0.7 0.59 0.97 3528 
311 35 0.4 0.22 0.71 7935 
207 33 0.5 0.31 0.86 9550 
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Table 20 - Shear - Drained Data without Calculated Values 
Drained Data without Calculated Values 
  
σ 
(kN/m2) 
Φ (deg) Ko 
Q 
(kN) 
Training 
15 35 1 58 
76 35 0.9 74 
25 37 2 159 
56 35 0.4 261 
29 43 1.8 334 
90 30 0.5 350 
90 30 0.5 431 
42 35 1.1 484 
50 30 1.8 548 
35 36 2.1 650 
100 43 0.6 1210 
127 36 0.5 1504 
127 36 0.5 1690 
89 40 0.7 2755 
311 35 0.4 7745 
Validation 
19 37 2.5 68 
76 35 0.9 90 
21 33 2.3 193 
56 35 0.4 278 
27 36 1.4 334 
90 30 0.5 365 
90 30 0.5 435 
42 33 0.9 488 
49 35 1.5 564 
35 36 2.1 650 
118 36 0.5 1280 
135 36 0.5 1520 
106 36 0.5 1779 
99 37 0.5 2780 
311 35 0.4 7935 
 
The undrained models were also separated into two categories. Those that included the calculated 
values and those that did not. The model that included the calculated values from the above 
mentioned methods had the following inputs: the mean effective stress σ (kN/m2), the undrained 
shear strength Su (kN/m
2), K factor, α factor, βm factor, βp factor, and λ factor. The output for the 
model is the side resistance Q (kN). The model that did not include the calculated values had σ 
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(kN/m2) and Su as inputs. The output for this model was the side resistance Q (kN). The data for 
the undrained models was retrieved from the internet and is provided on the tables below.  
 
Table 21 - Shear - Undrained Data with Calculated Values 
Unrained Model with Calculated Values 
  
σ 
(kN/m2) 
Su(kN/m2) K α βm βp λ Q (kN) 
Training 
40 57 1.83 0.8 1.15 1.09 0.3 122 
32 26 0.61 0.88 0.68 0.4 0.27 182 
25 68 3.67 0.63 1.75 2.37 0.27 301 
45 118 1.74 0.35 0.91 1.13 0.13 383 
51 94 1.01 0.42 0.77 0.6 0.16 614 
34 86 2.32 0.63 1.59 1.38 0.26 943 
110 297 1.39 0.27 0.75 0.83 0.07 2400 
Validation 
36 50 1.85 0.71 0.99 1.15 0.26 74 
41 68 1.83 0.68 1.14 1.09 0.26 129 
32 26 0.61 0.87 0.67 0.4 0.26 194 
25 68 3.67 0.67 1.87 2.37 0.28 319 
55 147 1.19 0.34 0.92 0.74 0.14 395 
80 96 1.22 0.32 0.39 0.65 0.11 616 
70 119 1.37 0.54 0.91 0.92 0.21 1067 
119 303 1.4 0.41 1.04 0.93 0.1 2500 
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Table 22 - Shear- Undrained Data without Calculated Values 
Unrained Data without Calculated Values 
  
σ 
(kN/m2) 
Su(kN/m2) K Q (kN) 
Validation 
28 48 2 41 
40 57 1.83 122 
32 26 0.61 194 
25 68 3.67 301 
45 118 1.74 383 
29 182 1.8 448 
51 94 1.01 614 
70 119 1.37 946 
105 340 1.4 1180 
105 137 1.27 2130 
110 297 1.39 2400 
60 260 0.99 3053 
148 100 0.41 8162 
231 120 0.48 11521 
Training 
36 50 1.85 74 
41 68 1.83 129 
32 32 0.61 194 
25 68 3.67 319 
55 147 1.19 395 
37 102 2.76 525 
51 94 1.01 667 
70 119 1.37 1067 
97 302 1.42 1400 
83 192 1.56 2355 
119 303 1.4 2500 
75 90 0.88 3558 
197 120 0.89 9528 
296 120 0.53 13406 
 
The graphs of the drained model that includes the calculated values are presented in figures 59-62 
below. They represent relationships between the inputs and outputs of the fuzzy model. Not all of 
the generated graphs are shown in this section. The remaining graphs can be found in Appendix 1. 
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3.3.2 Simulations 
 
Figure 59 - K vs σ 
 
Figure 59 shows that a larger value of K indicates a larger value of side resistance when the value 
of mean effective stress is smaller. 
 
 
Figure 60 - K vs Φ 
 
Figure 60 shows that large values of K and friction angle create a larger side resistance. Similarly, 
a smaller friction angle and a smaller value of K result in a smaller side resistance. 
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Figure 61 - Training Data 
 
Figure 61 shows the fuzzy model with respect to training data. The blue dots represent the training 
data results. The red lines represent the generated results from the fuzzy model. 
 
 
Figure 62 - Validation Data 
 
Figure 62 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data results. The red lines represent the results generated from the fuzzy model based 
on the membership functions.  
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The graphs of the drained model that does not include the calculated values are presented in figures 
63-65 below. They represent relationships between the inputs and outputs of the fuzzy model. Not 
all of the generated graphs are shown in this section. The remaining graphs can be found in 
Appendix 1. 
 
 
Figure 63 - K vs σ 
 
Figure 63 shows that a small value of K and a larger mean effective stress create a larger side 
resistance. Similarly, a small mean effective stress creates a smaller side resistance. 
 
 
Figure 64 - Training Data 
 
Figure 64 shows the fuzzy model with respect to training data. The training data are represented 
by the blue dots. The results generated by the fuzzy model are represented by the red lines.  
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Figure 65 - Validation Data 
 
Figure 65 shows the fuzzy model with respect to validation data. The validation data are 
represented by the blue dots. The red lines represent the results generated from the fuzzy model.  
The graphs of the undrained model that includes the calculated values are presented in figures 66-
69 below. They represent relationships between the inputs and outputs of the fuzzy model. Not all 
of the generated graphs are shown in this section. The remaining graphs can be found in Appendix 
1. 
 
Figure 66 - Βm vs σ 
 
Figure 130 shows that a larger beta measured implies a larger side resistance. 
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Figure 67 -  Βm vs Α 
 
Figure 67 shows that large Beta measured and alpha coefficient values will create a larger side 
resistance.  
 
Figure 68 - Training Data 
 
Figure 68 shows the fuzzy model with respect to training data. The blue dots represent the training 
data provided to the model. The red lines represent the results data generated from the model.  
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Figure 69 - Validation Data 
 
Figure 69 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data. The red lines represent the results generated from the fuzzy model based on 
membership functions. 
The graphs of the undrained model that does not include the calculated values are presented in 
figures 70-72 below. They represent relationships between the inputs and outputs of the fuzzy 
model. Not all of the generated graphs are shown in this section. The remaining graphs can be 
found in Appendix 1. 
 
Figure 70 - K vs σ 
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Figure 70 shows that a small value of K, and larger mean effective stress, create a higher side 
resistance. Similarly, a small value of sigma indicates a lower side resistance.  
 
 
Figure 71 – Training Data 
 
Figure 71 shows the fuzzy model with respect to training data. The blue dots represent the 
validation data. The red lines represent the results generated from the fuzzy model based on 
membership functions. 
 
 
Figure 72 - Validation Data 
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Figure 72 shows the fuzzy model with respect to validation data. The blue dots represent the 
validation data. The red lines represent the results generated from the fuzzy model based on 
membership functions. 
 
3.3.3 Quantitative analysis 
The table below summarizes the performance of the fuzzy model in predicting the behavior of 
drilled shafts in shear. 
 
Table 23 - Performance Evaluation for Proposed Model 
Shear Models 
Drained Model Undrained Model 
With 
Calculated 
Values 
Without 
Calculated Values 
With 
Calculated 
Values 
Without 
Calculated Values 
J01 Max_rate1 9.29E-06 7.81E-05 7.41E-06 2.14E-05 
J02 Max_rate2 46.569 42.8409 21.4518 15.2516 
J03 RMSE1 0.0254828 0.0589243 1.70575 0.0255751 
J04 RMSE2 50.9025 72.1407 24.3453 35.6641 
J05 BestFit1 100 100 99.9989 100 
J06 BestFit2 90.3063 93.8366 90.4136 92.7012 
J07 R1 1 1 0.999993 1 
J018 R2 0.99727 0.969176 0.936115 0.939615 
 
The table shows that the fuzzy model successfully predicts the complex behavior of drilled shafts 
in shear, as the model has performed with an accuracy of 90%-99%.  
4. Conclusion 
This paper presents a fuzzy model that can successfully predict the complex behavior of piles in 
compression, tension, and shear forces. The models were all generated through MATLAB, where 
membership functions were created for each test. Two sets of data were included in each model: 
the training and validation data. The training data was used as a testing data, while the validation 
data (data that was not used for training) verified the results. Each of the two sets of data had 
different inputs and outputs that allowed the modeling of the shaft behavior. This project can serve 
as a baseline for the further development of artificial models that can predict the complex behavior 
of piles. 
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Appendix 1 
COMPRESSION 
 
Drained Model with groundwater table results included 
 
Figure 73- GWT (m) vs B (m) 
 
Figure 73 shows that the elastic limit will increase when GWT is shallow, regardless the shaft diameter.  
 
Figure 74 – B (m) vs Dr (%) 
 
Figure 74 shows that the elastic limit will increase when the relative density is low, regardless the 
diameter of the shaft.  
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Figure 75 - GWT (m) vs Dr (%) 
 
Figure 75 shows that the elastic limit is higher when the groundwater table is at a shallow depth and 
relative density is low.  
 
Figure 736 - B (m) vs D (m) 
 
Figure 76 shows that the smaller the depth is, the higher the elastic limit will be, regardless the pile 
diameter.  
 
Figure 77 - GWT (m) vs B (m) 
Figure 77 shows that the ultimate capacity will be high when the groundwater table is at a shallow 
depth, regardless the shaft diameter.  
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Figure 78 - B (m) vs Dr (%) 
 
Figure 78 shows that the ultimate capacity will be higher with a lower relative density, regardless the 
shaft diameter.  
 
Figure 79 - GWT (m) vs Dr (%) 
 
Figure 79 shows that the ultimate capacity will be highest when both groundwater table and the relative 
are low. 
 
Figure 80 - B (m) vs D (m) 
 
Figure 80 shows that the ultimate capacity is high when the density is between 10% and 20%, and the 
shaft diameter is around 1 m.  
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The drained artificial intelligent model that does not include the groundwater table results.  
 
Figure 81 - B (m) vs D (m) 
 
Figure 81 shows that the elastic limit can vary in different conditions, but it tends to be at the highest 
point when both the shaft depth and shaft diameter are large. 
 
 
Figure 8274 - B (m) vs D (m) 
 
Figure 82 shows that when the relative density is around 20%, and the shaft diameter increases, the 
ultimate capacity will be high.  
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Figure 83 - D (m) vs Dr (%) 
 
Figure 83 shows that as the relative density increases, the ultimate capacity will increase. 
 
 
The undrained artificial intelligent model that includes the groundwater table results.  
 
 
Figure 84 - D (m) vs Su (kN/m2) 
 
Figure 84 shows that the elastic limit will be highest when the shear strength is around 200 kN/m2, and 
the shaft depth is high. 
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Figure 75 - B (m) vs (kN/m2) 
 
Figure 85 shows that with a shear strength of around 200 kN/m2, the elastic limit will be high. 
 
Figure 86- GWT (m) vs (kN/m2) 
 
Figure 86 shows that with a deeper groundwater table, and a shear strength of around 200 kN/m2, the 
elastic limit will increase.  
 
 
Figure 87 - GWT (m) vs D (m) 
Figure 87 shows that if the groundwater table, and the shaft depth have large values, the elastic limit 
will tend to be larger. 
 
 84 
 
 
Figure 88 - B (m) vs Su (kN/m2) 
 
Figure 88 shows that when the shear strength is around kN/m2, when the shaft diameter increase.  
 
Figure 89 – GWT (m) vs Su (kN/m2) 
 
Figure 89 shows that the shear strength will influence the ultimate capacity, regardless the groundwater 
table. 
 
Figure 90 - GWT (m) vs D (m) 
Figure 90 shows that as the groundwater table and shaft depth values increase, the ultimate capacity 
will be higher.  
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Figure 91 - GWT (m) vs B (m) 
 
Figure 91 shows that the ultimate capacity varies based on parameters, however it tends to increase 
when shaft diameter is higher.  
 
 
Figure 92 - B (m) vs Su (KN/M2) 
 
Figure 92 shows that a shear strength of around 100 kN/m2,and a high shaft diameter will create a 
higher ultimate capacity.  
 
Figure 93 - B (m) vs D (m) 
Figure 93 shows that the higher the shaft depth and diameter are, the higher the ultimate capacity will 
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TENSION 
 
The drained results that include the groundwater table results.  
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 94 - D (m) vs Su (kN/m2) 
 
Figure 94 shows that a larger shaft depth, and s shear strength of 100 kN/m2will produce a higher elastic 
limit.  
 
 
 
 
Figure 95 - B (m) vs SU (kN/m2) 
 
Figure 95 shows that a shear strength of around 100 kN/m2 and a smaller shaft diameter will produce a 
higher elastic limit. 
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Figure 96 - D (m) vs Su (kN/m2) 
 
Figure 96 shows that the elastic limit increases with higher values of undrained shear strength and shaft 
depth. 
 
Figure 97 - B (m) vs Su (kN/m2) 
 
Figure 97 shows that a value of the undrained shear strength of around 40 kN/m2 and a small shaft 
depth tends to produce a higher elastic limit. 
 
Figure 98 - B (m) vs D (m) 
Figure 98 shows that a value of 10m of shaft depth and a smaller shaft diameter can produce an elastic 
limit of 200 kN. 
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Figure 99 - GWT (m) vs D (m) 
 
Figure 99 shows that a shallower groundwater table and a higher shaft depth increases the elastic limit. 
 
 
Figure 76 - B (m) vs Su (kN/m2) 
 
Figure 100 shows that an undrained shear strength of around 50 kN/m2  creates a higher ultimate 
capacity, regardless of the shaft diameter. 
 
Figure 101 - GWT (m) vs Su (kN/m2) 
 
Figure 101 shows that a higher undrained shear strength and a shallower groundwater table create a 
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Figure 102 - B (m) vs Su (kN/m2) 
 
Figure 102 shows that the smaller the depth, the higher the ultimate capacity will be. 
 
Figure 103 - GWT (m) vs D (m) 
 
Figure 103 shows that various values of groundwater table and shaft diameter show different ultimate 
capacities. 
 
Figure 104 - GWT (m) vs B (m) 
Figure 104 shows that the shallower the groundwater table is, the higher the ultimate capacity will be. 
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The drained model that does not include the groundwater table results 
 
Figure 105 - D (m) vs Dr (%) 
 
Figure 105 shows that a higher relative density value with create a higher elastic limit. 
 
 
Figure 106 - B (m) vs D (m) 
 
Figure 106 shows that a larger shaft diameter creates a higher elastic limit. 
 
Figure 107 - D (m) vs Dr (%) 
Figure 107 shows that a larger relative density will result in a larger ultimate capacity. 
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Figure 108 - B (m) vs D (m) 
Figure 108 shows that a shaft depth of around 6 m produces an ultimate capacity of 1000 kN. 
 
 
The undrained model that includes the groundwater table results. 
 
 
Figure 109 - D (m) vs Su (kN/m2) 
 
Figure 109 shows that a high undrained shear strength and a larger shaft depth create a higher elastic 
limit. 
 
Figure 110 - B (m) vs Su (kN/m2) 
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Figure 110 shows that a higher undrained shear strength will result in a higher elastic limit, regardless 
the shaft diameter. 
 
Figure 111 - GWT (m) vs Su (kN/m2) 
 
Figure 111 shows that a larger value of undrained shear strength will create a higher elastic limit. 
 
Figure 112 - B (m) vs D (m) 
 
Figure 112 shows that the larger the shaft depth, the higher the elastic limit will be. 
 
 
Figure 113 - GWT (m) vs B (m) 
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Figure 113 shows that a groundwater table value of around 3 m will create a higher elastic limit. 
 
 
 
Figure 114 - D (m) vs Su (kN/m2) 
 
Figure 114 shows that a larger undrained shear strength and shaft depth will result in a larger ultimate 
capacity. 
 
Figure 115 - GWT (m) vs Su (kN/m2) 
 
Figure 115 shows that a higher undrained shear strength will create a higher ultimate capacity. 
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Figure 116 - GWT (m) vs D (m) 
 
Figure 116 shows that the groundwater table influences the ultimate capacity value more than the shaft 
depth. 
 
Figure 117 - GWT (m) vs B (m) 
 
Figure 117 shows that a larger shaft diameter and a lower groundwater table create a higher ultimate 
capacity. 
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Figure 118 - D (m) vs Su (kN/m2) 
 
Figure 118 shows that various values of the undrained shear strength and shaft depth create various 
values of the elastic limit. 
 
Figure 119 - B (m) vs Su (kN/m2) 
 
Figure 119 shows that the larger the shaft diameter, the larger the elastic limit will be. 
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Figure 120 - D (m) vs Su (kN/m2) 
 
Figure 120 shows that a larger shaft depth will create a larger ultimate capacity. 
 
Figure 121 - B (m) vs Su (kN/m2) 
 
Figure 121 shows that an undrained shear strength of around 100 kN/m2 creates a larger ultimate 
capacity. 
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SHEAR 
 
Figure 122 - Bp vs Βm 
 
Figure 122 shows that a larger value of the approximate Beta shows a higher side resistance. 
 
Figure 123 - Σ (kN/m2) vs Βm 
 
Figure 123 shows that a higher value of mean effective stress creates a higher side resistance. 
 
Figure 124 - Φ vs Βm 
Figure 124 shows that a higher friction angle and a smaller measured Beta value create a higher side 
resistance value. 
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Figure 125 - K vs Βm 
 
Figure 125 shows that a smaller value of K and Beta measured factors create a larger side resistance. 
 
Figure 126 - Σ vs Bp 
 
Figure 126 shows that a smaller friction angle and a larger value of Beta approximated result in a larger 
side resistance. 
 
 
Figure 127 - K vs Bp 
Figure 127 shows that a larger K value creates a larger side resistance. 
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Figure 128 - Φ vs Σ 
 
Figure 128 shows that a combination of a smaller mean effective stress and friction angle create a larger 
side resistance. 
 
 
Figure 129 - Φ vs Bp 
 
Figure 129 shows that a larger friction angle will create a larger side resistance. 
 
 
Figure 130 - Φ vs Σ 
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Figure 130 shows that a combination of a smaller mean effective stress and friction angle create a larger 
side resistance. 
 
 
Figure 131 - K vs Σ 
 
Figure 131 shows that a larger value of K indicates a larger value of side resistance. 
 
Drained model without the calculated values 
 
Figure 132- Φ vs Σ 
Figure 132 shows that a larger mean effective stress creates a larger side resistance. 
 
 
 101 
 
Figure 133 - K vs Φ 
 
Figure 133 shows that a smaller value of K and a larger friction angle will create a larger side resistance. 
 
Undrained model with calculated values included 
 
 
Figure 134 – Su (kN/m2) vs Σ 
 
Figure 134 shows that an undrained shear strength of around 100 kN/m2 and smaller value of the mean 
effective stress create a side resistance of around 150 kN. 
 
Figure 135 - K vs Σ (kN/m2) 
Figure 135 shows that a higher value of K and smaller mean effective stress create higher values of the 
side resistance. 
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Figure 136 - Α vs Σ 
Figure 136 shows that the side resistance increases when the alfa value is high, and the sigma value is 
low. 
 
 
 
Figure 137 - Su vs Σ 
Figure 137 shows that a higher mean effective stress results in a higher side resistance. 
 
Figure 138 - K vs Su (kN/m2) 
Figure 138 shows that an undrained shear strength of around 150 kN/m2,  and a smaller K value create a 
higher side resistance. 
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